Purpose Hydroxypropyl cellulose (HPC), a polysaccharide that forms a viscous gel under low temperatures, is a promising substitute of the blood-derived macromolecules traditionally used in cryopreservation solutions. The performance of a protein-free, fully synthetic set of vitrification and warming solutions was assessed in a matched pair analysis with donor oocytes. Methods A prospective study including 219 donor MII oocytes was carried out, comparing the laboratory outcomes of oocytes vitrified with HPC-based solutions and their fresh counterparts. The primary performance endpoint was the fertilization rate. Secondary parameters assessed were embryo quality on days 2 and 3. Results 70/73 (95.9%) vitrified MII oocytes exhibited morphologic survival 2 h post-warming, with 49 (70.0%) presented normal fertilization, compared to 105 of 146 (71.9%) MII fresh oocytes. Similar embryo quality was observed in both groups. A total of 18 embryos implanted, out of 38 embryos transferred (47.3%), resulting in 13 newborns.
Introduction
The ability to efficiently cryopreserve oocytes and embryos by vitrification [1] has become essential in the field of humanassisted reproduction. There are two main factors which influence the efficacy of vitrification: (i) the cooling/warming rates (which are influenced by the type of vitrification device used) and (ii) the glass-forming tendency (which is determined by the composition of the solution) [2] [3] [4] [5] [6] [7] [8] . Of course, each of these two factors depends on multiple parameters [9, 10] . With current techniques, the rates of survival of embryos and oocytes to the vitrification process have reached very high levels [11] [12] [13] .
Human oocyte vitrification is a routine procedure today [14] . Historically, it has presented a greater challenge than embryo vitrification for many reasons. Oocytes' low surface to volume ratio, and the low permeability coefficient of their plasma membrane, hinders the exchange between cryoprotectant agents (CPAs) and water [15, 16] . However, this issue has been overcome by the synergic combination of permeating CPAs, mainly ethylene glycol and dimethyl sulfoxide, and non-permeating CPAs, such as sucrose and trehalose, and adjusting the concentration and the exposure time to CPAs needed to achieve a successful vitrification with currently attainable cooling and warming rates [17] [18] [19] [20] [21] [22] .
Another component of the solutions used for vitrification and warming is the macromolecular supplementation. It increases the viscosity of the solution to enhance the glass-forming tendency, enables the in vitro manipulation required for the vitrification procedure, and prevents the attachment of the gametes and embryos to the surfaces of Capsule The satisfactory results of this direct comparison with fresh controls strongly support the effectiveness of HPC supplementation of vitrification solutions, confirming its role as a substitute for protein supplementation.
pipettes, dishes, and devices used in the process [23] . Protein supplementation with human serum albumin has traditionally been employed for this task, alone or in the form of synthetic serum substitute (SSS), or dextran serum supplement (DSS), and it is still used in most commercial formulations. However, as a human-source material, it presents risks of contamination and production variability associated with it [24] , so a replacement synthetic component has been sought. The international regulatory policies are also encouraging the use of solutions free of human or animal components.
The fully synthetic macromolecule hydroxypropyl cellulose (HPC) has been a successful candidate: it is a variable length polysaccharide that, with certain molecular weights, when added to a solution, can achieve very similar physical properties to the albumin-based formulations, forming a viscous gel under low temperatures. It is listed as pharmacopeia and is a common food additive and drug excipient [25] . Preliminary studies have shown promising results of HPC supplementation of vitrification solutions on murine oocytes and blastocysts in terms of survival and embryo development [26, 27] . Recently, direct comparative studies revealed the similarity of HPC and SSS-based formulations for human oocytes vitrification [25, 28] .
In the present study, we use a formulation of proteinfree vitrification and warming solutions for the vitrification of oocytes from an egg donation program. Laboratory outcomes of vitrified-warmed oocytes are compared against fresh oocytes from the same donor from a different stimulation cycle. This design allows us to evaluate the impact of vitrification on the developmental abilities of donor oocytes and assess the performance of an HPC-based vitrification formulation for its use in daily laboratory practice.
Materials and methods

Study design and outcome measures
A matched pair analysis within donor was performed, involving results from 219 MII oocytes from 19 oocyte donors between June 2014 and January 2015. Each recipient was assigned with two cohorts of oocytes from the same donor; one composed by six to nine fresh oocytes from a synchronized donation cycle (control group), and the other cohort composed two to five oocytes were vitrified/rewarmed oocytes from a previous cycle of the same donor (experimental group). Both groups of oocytes underwent ICSI in parallel. The primary end-point was the fertilization rate of fresh and vitrified oocytes, with secondary assessments of embryo quality performed on day 2 and day 3.
Study population
All donors included on the study complied with the regulations on ART donors, described elsewhere [29] , and the following inclusion criteria: over 18 and under 30 years old, good physical and psychological health, no personal nor familiar history for hereditary diseases, normal karyotype, negative tests for sexually transmitted diseases, and without any medical or gynecological disorders. Donors were subjected to a short agonist stimulation treatment and were excluded in case of a response to stimulation <12 oocytes. All recipients for the egg donation program were offered to participate in the study, until the quota was filled. Couples with a severe male factor surgically extracted spermatozoa and very severe oligoastenozoospermia (motile sperm count <500.000/ml after preparation) were not included.
Ethical considerations
All recipients were informed thoroughly about the protocol of the study and signed an informed consent form. The study was conducted as described in the protocol, which was developed in accordance to the principles of Helsinki and the national Policy of Good Clinical Practice (ISO 14155:2011), and was approved by the internal review board of the institutional research committee.
Donor and recipient stimulation
To synchronize the donation, donors took contraceptive pills during the previous month to the stimulation. Stimulation dose was decided according to donor's BMI (150-200 daily IU of rFSH, alpha folitropin, Gonal-F, Merck). On day 5 of stimulation, analysis of the estradiol levels and ultrasound scans was performed for dose adjustment. When a follicle reached 14 mm, they started GnRH antagonist treatment with 0.25 mg Cetrotide (Cetrorelix, Merck) until at least three follicles reached 20 mm, when ovulation was triggered with 0.3 mg of triptoreline GnRH agonist (Decapeptyl; IpsenPharma).
Recipients were kept on contraceptive pills for the synchronized donation. Once discontinued, after menstruation, they started endometrial substitutive treatment with 6 mg daily of estradiol hemihydrate (Estradot, Novartis, Switzerland). On the day of the donor's ovarian puncture, they began taking progesterone vaginal or oral supplement, 600 mg daily (Utrogestan, Seid, Spain), continued until the results of the embryo transfer were known.
Ovarian puncture
A total of 19 oocyte donation cycles were included in the study. Oocyte recovery was performed by eco-guided ovarian puncture. An ultrasound transducer was placed into the vaginal fornix to visualize the ovary and follicles, and a single lumen ovum aspiration needle (Cook Medical) was inserted in the transducer and advanced into the ovarian follicles, where oocytes were recovered by aspiration with a syringe, until all the follicles had been punctured.
Embryology procedures
Two hours post-retrieval, the fresh control group of oocytes was denuded using hyaluronidase (HYASE-10X, Vitrolife), and the experimental group of oocytes was rewarmed as described below. Both control and experimental groups underwent ICSI simultaneously, 38-40 h post-hCG in the case of fresh oocytes and 2 h post-warming in the case of vitrified oocytes. Embryos were cultured on microdrops (G-IVF, G1Plus, G2Plus, Vitrolife) under mineral oil (tissue culture oil, Sage, CooperSurgical) until the third day of development, when they were either transferred, cryopreserved, or kept on culture up to day 6, according to their quality.
Vitrification protocol
Vitrification solutions were supplemented with 0.06-0.125 mg/ml of hydroxypropyl cellulose (pharmaceutical standard, 80,000 Da average molecular weight, Sigma Aldrich) and did not contain albumin nor any other proteins. Vitrification of the experimental group oocytes was performed at laboratory room temperature (RT), in our case 23-26 ± 0 . 5°C , w i t h S a f e S p e e d v i t r i f i c a t i o n m e d i a (SafePreservation). The vitrification kit consists of three solutions: washing solution (WS, no CPAs), equilibration solution (ES 7.5% ethylene glycol and 7.5% dimethyl sulfoxide) and vitrification solution (VS 15% ethylene glycol and 15% dimethyl sulfoxide) [30] .
All solutions were exposed at least for an hour to laboratory RT. Oocytes were gradually exposed to the cryoprotective agents by placing them in a first droplet of 50 μl of WS, which was joined with the tip of the pipette to another droplet of 50 μl of ES. After 2 min, both droplets were joined with a third ES drop and allowed an additional 2 min of CPA diffusion to the primary droplet where the oocytes were located. Afterwards, oocytes were transferred to 100 μl of ES, where they remained up to 10 min, until the oocytes appeared to be fully re-expanded. Once the equilibration was complete, oocytes were transferred to a 200-μl droplet of VS and washed at least three times to eliminate any leftover ES. Then the oocytes were placed on the thin plastic strip of a Cryotop cryodevice, as described by Kuwayama et al. [31] , and plunged vertically in liquid nitrogen. The amount of time the oocytes remained in VS for washing and loading purposes before plunging in liquid nitrogen was approximately 60 s.
Warming protocol
SafeSpeed warming media consists in three solutions: thawing solution (TS) (1 M sucrose), dilution solution (DS) (0.5 M sucrose), and WS (no CPAs) [30] . For at least 1 h, closed vials of DS and WS were exposed to laboratory RT, and TS vial was placed in the incubator at 37°C. The vitrification straw containing the oocytes was transferred from a styrofoam box with liquid nitrogen to a double-well dish (Becton-Dickinson, 60 × 15 mm Falcon Center-Well Organ Culture Dish) containing 1 ml of TS at 37°C. The liquid nitrogen container and the double-well dish used for warming were placed as close as possible (10-20 cm) to allow for a fast transfer (less than a second), to facilitate a high warming rate. After 1 min, oocytes were carefully moved to a 200-μl droplet of DS, where they remained 3 min. Two washing steps of 5 and 1 min, respectively, were performed in 200 μl droplets of WS. Warmed oocytes remained in culture for 2 h prior to ICSI.
Primary outcomes
Morphological survival
Morphological survival was dictated 2 h post-warming. Oocytes evaluation was based on the integrity of oocyte features, such as intact polar corpuscle, normal oolemma, and absence of vacuoles [32] . Oocytes clearly degenerated or considered not suitable for ICSI were deemed non-viable.
Fertilization rate
Fertilization rate was defined as the proportion of oocytes with two pronuclei at the time of fertilization check (17 ± 1 h postinsemination) [32] . The number of oocytes showing no signal of fertilization, abnormal fertilization (1 or >2 pronuclei), and degenerated oocytes was recorded.
Secondary outcomes
Embryo development was checked at 44 ± 2 h (day 2) and 68 ± 2 h (day 3) post-ICSI. For comparative purposes, the embryo assessment algorithm proposed by Cobo et al. [33] was used, considering day 2 good quality embryos as those presenting 2-4 blastomeres, ≤15% type I-II fragmentation, and no multinucleation. Day 3 good quality embryos were those with 6-8 blastomeres and ≤20% type I-II fragmentation.
Clinical outcomes
Clinical pregnancy was confirmed by ultrasound visualization of a gestational sac with fetal heartbeat. The implantation rate was calculated as the ratio of gestational sacs with fetal heartbeat by the number of embryos transferred. The live birth rate was calculated as live birth events per embryo transfer, with twin deliveries considered as a single event. Any perinatal complications were recorded.
Statistical analysis
The study was designed to detect a difference of 15% in the primary endpoint, fertilization rate, and between vitrified and fresh donor oocytes (N = 216 ICSI'ed), with a power of 80% and a significance level (α) of 0.05. The correlation between qualitative ordinal variables was analyzed using chi-square and Fisher's exact test. All statistical analysis was performed using the IBM SPSS statistics 17.0 package.
Results
The number of subjects included in the study, their age, and the number of oocytes assigned to the recipients is shown on 
Clinical results
Clinical results of the cycles were collected without comparative purposes and are shown on Table 3 . They were not subjected to statistical analysis due to the low sample size. Thirty-eight embryos were transferred in total, with a total implantation rate of 44.7% and a clinical pregnancy rate of 52.6%, resulting in 12 live birth events.
Discussion
It is well established that human or animal-derived protein supplementation of the solutions used for gamete and embryo vitrification has a positive effect on the survival rates obtained [24] . Solutions are typically supplemented with 10-20% of SSS or DSS-albumin and glycoprotein solutions-that, among other things, provide viscosity to the solution and a surfactant property that enables the handling and pipetting of the gametes/embryos [23] . These formulations have been used for years and are currently in use with very satisfactory results. However, there is an interest in replacing blood-derived components from the vitrification solutions with synthetic substitutes, such as HPC. Desirable advantages that are sought in HPC-supplemented, protein-free solutions are reduced production cost and variability, and eliminating the hypothetical risk of viral contamination associated with protein purified from blood [24] . The addition of hydroxypropyl cellulose instead of serum to vitrification solutions can provide the same viscosity that enables in vitro manipulation and enhances the glass-forming tendency of the solution, without the aforementioned drawbacks [25, 28] .
The present study is a direct comparison of the laboratory outcomes of two groups of oocytes: a control group of fresh oocytes and an experimental group of vitrified oocytes using an HPC-supplemented set of vitrification and warming solutions. Oocytes from both groups derived from the same donor were microinjected and cultured in parallel by the same team of embryologists in the same environment, minimizing the Table 1 Characteristics of the donors and recipients included in the study and the ratio of control/experimental oocytes assigned. Oocytes from some donors were assigned to more than one recipient. In the row labelled as Bnumber,^the values represent the number of donors or recipients. In the rest of the rows, data is presented as mean (SD) number of variables influencing the outcomes of fertilization and embryo development. As mentioned, the two cohorts, even if from the same donor, were recovered from two different stimulation cycles: a source of variability in terms of oocyte quality. Nonetheless, the fact that no differences were observed in between both groups reveals that the process of vitrification and warming did not impair the capacity of the oocytes to fertilize and develop. This outcome is in agreement with the literature [25, 28] and supports the efficacy of HPCbased vitrification solutions. The primary outcome, the fertilization rate of fresh and vitrified oocytes, was compared without finding any significant differences. The biological process of fertilization, represented by the apparition of the two pronuclei, requires the intervention of complex oocyte machinery that could be damaged during vitrification. A successful fertilization event was used as primary endpoint to assess the survival postvitrification and warming [12, 13] . A successful fertilization event was used as primary endpoint to assess the survival post-vitrification and warming [12, 13] . In addition, a similar rate of good quality embryo formation on day 2 and 3 occurred between groups. For completeness, a complete follow-up to delivery is also included.
The results obtained in our experiments for survival, fertilization, and cleavage outcomes obtained match the vitrification key performance indicators (KPIs) recently set [32, 34] . Our results are also comparable with previously reported data demonstrating comparable viability and development of vitrified oocytes to fresh controls [33, 35] .
Up to now, other authors had presented data showing the effectiveness of protein-free, HPC-supplemented solutions combined with ethylene glycol, dimethyl sulfoxide, and trehalose as the non-permeant cryoprotectant agent. They have compared its results with protein-based solutions: Inoue [26] and Kuwayama [27] presented results from bovine embryos and oocytes and human oocytes, showing comparable survival rates using HPC and SSS supplemented solutions. Mori et al. [25] compared media supplemented at 1 and 5% (v/v) with a stock solution of 60 mg HPC/ml Milli-Q water against 5-20% SSS supplementation, describing similar physical properties and survival rates in mouse and human oocytes and blastocysts with both solutions. Most recently, a retrospective study by Coello et al. [28] compared the use of solutions supplemented with 0.06 mg HPC/ml and trehalose against 20% SSS + sucrose, showing similar laboratory and clinical outcomes. Our results are the first report of the combination of HPC as a surfactant agent and sucrose as the osmotic agent; as up to now, it only had been tested in combination with trehalose.
Larger prospective randomized studies comparing the outcomes of oocyte vitrification with protein vs. HPC supplementation, in which embryos are cultured to blastocyst stage and the live birth rate is used as a primary endpoint, are the ultimate comparative test and would be necessary. Yet the results reported in this article add to the growing body of evidence documenting efficacy of the use of fully synthetic, protein-free vitrification solutions. 
